Introduction
It is well known that a large-amplitude oscillation called galloping ͓1-3͔ is generated, in addition to Kármán vortex excitation, for rectangular cylinders supported perpendicularly to a uniform flow when the slenderness b/d is in the range of 0.6 to 2.8 ͑dϭheight, bϭstreamwise length of the rectangular cross-section͒. The basic aerodynamic excitation mechanism of the cross-flow galloping of a rectangular cylinder is explained by the quasisteady nonlinear aerodynamic theory developed by Parkinson et al. ͓4͔ . In this theory, the relative attack angle plays an important role in the excitation mechanism of galloping. Also, as was shown by Deniz and Staubli ͓5͔, the attack angle of a fixed rectangular cylinder strongly affects the vortex shedding frequency and lift.
Although the mechanism of pure cross-flow oscillation for a circular and rectangular cylinder is becoming clear, as seen in the recent paper ͓6͔, a slight difference in support conditions may affect strongly the oscillation behavior. The specific aim of this paper is to present the effect of attack angle fluctuation on the cross-flow oscillation behavior of a rectangular cylinder supported by a cantilever plate-spring system.
Experimental Apparatus and Measurements
Three rectangular cylinders with an equal height, dϭ26 mm, and a slenderness of b/dϭ0.5, 1.0, and 2.0 were used. These were chosen since b/dϭ0.5 is less than the galloping range and b/d ϭ2.0 is higher than the Kármán vortex excitation range. Hereafter, the rectangular cylinders with b/dϭ0.5, 1.0, and 2.0 are expressed as Cylinder I, Cylinder II, and Cylinder III, respectively.
Experiments were carried out in a blow-down type wind tunnel with a measuring section of 320͑H͒ϫ320͑W͒ϫ1000͑L͒ mm as shown in Fig. 1 . The turbulence level in the measuring section was less than 0.6%. The cylinder was placed in the wind tunnel horizontally, perpendicular to the free stream. The blockage ratio was 8%. The cylinder was supported at both ends outside the measuring section. End plates were attached to the cylinder to remove influence of flow through slots on the sidewalls of the measuring section ͓7͔.
In order to investigate the influence of attack angle fluctuation superimposed on cross-flow oscillation, i.e., Kármán vortex excitation and galloping, the cylinder was supported by cantilever plate springs in three ways as shown in Fig. 2 . When the cylinder is supported by the twin plate spring as in Fig. 2a , its motion is almost purely translational in the z direction. When the cylinder is supported by the single plate spring, a geometrical attack angle ␣ g is superposed due to angular deflection at the end of a cantilever beam. Thus ␣ g fluctuation is generated synchronizing with cylinder displacement Z. The phase difference between ␣ g and Z is zero ͑i.e., ''in-phase''͒ when the cylinder is supported against the flow as in Fig. 2b , and ϭ ͑''anti-phase''͒ when the cylinder is supported following the flow as in Fig. 2c . The magnitude of geometrical attack angle ␣ g is given by ͉␣ g ͉ϭ3͉Z͉/(2l), where l is the cantilever beam length. The absolute value of ␣ g reaches 6°a t Zϭ5 mm, the maximum displacement in this experiment. The natural frequency f n , the effective mass m e , and the logarithmic damping factor ␦ were determined through a free damping oscillation experiment in otherwise quiescent air. These parameters, as well as the cantilever length l and the spring constant k, were virtually equal for all the cylinders and irrespective of the way of support, as shown in Table 1 .
A ring type vortex anemometer ͓8͔ was applied to measure the free stream velocity U within an uncertainty of Ϯ3%. The laser displacement meter measured the displacement Z at one end of the cylinder outside the measuring section, as shown in Fig. 1 , and its uncertainty was Ϯ2%. The vortex shedding frequency f v was obtained by applying FFT analysis to the streamwise fluctuating velocity u detected by a hot wire probe at a location in the near wake of the cylinder (xϭ2b, zϭ1d, see Fig. 1͒ . Since the velocity signal u includes turbulence, the spectrum of u was averaged over 20 data and the vortex shedding frequency f v was taken to be the frequency at the maximum peak of the averaged spectrum. Thus, the uncertainty in f v is estimated to be around 2%.
Results and Discussion
The nondimensional vortex shedding frequency f * and nondimensional root-mean-square ͑rms͒ value of displacement, Z rms /d, are plotted against the reduced velocity V r in Figs. 3-5 for the three cylinders supported by three different ways shown in Fig. 2 . In one run of the wind tunnel experiment, V r was first increased stepwise from the lowest value of around 2.5 to the highest value of around 20 by increasing the free stream velocity U, and then decreased again to the lowest nondimensional velocity. The corresponding Reynolds number Re is from 2000 to 16,000. In these figures, open symbols are for increasing V r and solid symbols for decreasing V r , respectively. When the twin plate spring was used, the oscillation behavior showed only a slight difference between cases of ''in-phase'' and ''anti-phase'' settings, confirming that the cylinder motion is purely translational in these settings.
Cylinder I "bÕdÄ0.5…. Figure 3 shows f * and Z rms /d versus V r of Cylinder I for ͑a͒ pure cross-flow oscillation (␣ g ϭ0), ͑b͒ ''in-phase'' ␣ g , and ͑c͒ ''anti-phase'' ␣ g .
For the pure cross-flow oscillation shown in Fig. 3a , a sharp maximum peak in Z rms /d appears at V r Ϸ7, showing the occurrence of Kármán vortex excitation. The frequency of this large amplitude oscillation is equal to the natural frequency f n of translational motion. The nondimensional vortex shedding frequency f * is equal to unity over a considerable range of nondimensional velocity around maximum oscillation, showing that the lock-in phenomenon is occurring there. The oscillation behaviors for the increasing V r and the decreasing V r agree well, which shows that the effect of hysteresis is insignificant in the pure cross-flow oscillation of Cylinder I. Galloping did not occur on Cylinder I when ␣ g ϭ0.
The lower oscillation peak at around V r ϭ8 is not due to the translational oscillation but caused by rotational oscillation around the x axis ͑see Fig. 1͒ , since the phases of the displacement Z at both ends of the cylinder are anti-phase, as confirmed by measur- ing Z at both ends of the cylinder simultaneously. Furthermore, the oscillation frequency at this lower peak is confirmed to be equal to the natural frequency of the rotational mode oscillation around the x axis. When ''in-phase'' or ''anti-phase'' ␣ g is superimposed, the oscillation behavior of Cylinder I is essentially equivalent to the pure cross-flow oscillation, as seen in Figs. 3b and 3c , except that the maximum Z rms /d value becomes a little lower and the second peak in Z rms /d at V r ϭ8 disappears while a much lower peak appears near V r ϭ16 instead. The latter effect is caused by the shift of the natural frequency of the rotational oscillation mode due to the support method.
Galloping does not occur on Cylinder I whether ␣ g exists or not. As a result, it is shown that the attack angle fluctuation ␣ g affects neither Kármán vortex excitation nor the galloping of Cylinder I, which has a slenderness smaller than the critical value.
Cylinder II "bÕdÄ1.0…. Figure 4 shows the oscillation behavior of Cylinder II. In the case of Cylinder II with ␣ g ϭ0, both Kármán vortex excitation and galloping are induced in different nondimensional velocity ranges, as seen in Fig. 4a . The large oscillation over the range of V r ϭ7 -8 accompanied by lock-in phenomenon, i.e., the nondimensional vortex shedding frequency f *, continues to be unity, showing the occurrence of Kármán vortex excitation. When the nondimensional velocity V r is increased beyond this range, the oscillation amplitude decreases significantly and f * returns to the value for the cylinder at rest, which shows that the Kármán vortex excitation ends at around V r ϭ8. When V r is increased further, Z rms /d begins to increase again while f * is not equal to unity but proportional to V r . The oscillation frequency is always equal to f n while the cylinder oscillates. These behaviors of f * show that cylinder oscillation shifts to galloping. Thus, in the case of Cylinder II with ␣ g ϭ0, both Kármán vortex excitation and galloping occur in their respective nondimensional velocity ranges. Figures 4b and 4c show that the oscillation behaviors of Cylinder II with ''in-phase'' and ''anti-phase'' setting are dramatically different from the case of pure cross-flow oscillation (␣ g ϭ0). As seen in Fig. 4b , the Z rms /d of Cylinder II with ''in-phase'' setting traces that of Cylinder II with ␣ g ϭ0 until V r Ϸ8, where the Kármán vortex excitation is maximum in the case of ␣ g ϭ0. However, Z rms /d continues to increase with V r with an almost constant slope beyond V r Ϸ8 up to the maximum value of the experimental range at V r ϭ10. Throughout the region of large oscillation, the cylinder oscillates at its natural frequency f n and the velocity spectrum S u has a dominant peak at the frequency f v ϭ f n , i.e., f *ϭ1, showing the occurrence of lock-in. However, S u also had a peak at 2 f v in the large oscillation range as seen in the plot for f * ͑dislocated plot, f *ϭ2) in Fig. 4b . Hence, the nondimensional velocity regions of Kármán vortex excitation and galloping can be no longer clearly distinguished by f * and Z rms /d in the case of in-phase ␣ g .
In the case of Cylinder II with ''anti-phase'' setting, in contrast, the Kármán vortex excitation is considerably suppressed and the lock-in region almost disappears, as seen in Fig. 4c . In addition, the galloping is almost completely suppressed.
The hysteresis in oscillation behavior of Cylinder II is also insignificant, as the case of Cylinders I, whether ␣ g is superimposed or not.
Thus, the influence of ␣ g on the oscillation behavior of Cylinder II is pronounced and its effects are in contrast depending on the phase difference between ␣ g and Z generated by the support Transactions of the ASME system. When ␣ g is in-phase with Z, both Kármán vortex excitation and galloping are strongly enhanced. In contrast, vortex excitation is significantly suppressed when ␣ g is anti-phase with Z, and galloping is almost entirely suppressed.
Cylinder III "bÕdÄ2.0…. Cylinder III with ␣ g ϭ0 shows the occurrence of two different oscillations with increasing V r , i.e., low-velocity excitation in the range of V r ϭ3 -6 and galloping in a higher nondimensional velocity range, say V r Ͼ12, as seen in Fig. 5a . Kármán vortex excitation does not occur since the slenderness is larger than the Kármán vortex excitation region ͓9͔. Since the range of V r for the low-velocity excitation is much lower than the value of V r at which f *ϭ1, i.e., V r ϭ12, its mechanism is not a synchronization between the cylinder oscillation and the periodic vortex shedding. Although f * is equal to unity in this region and it seems to be lock-in, the peak in S u at f n is caused by velocity fluctuation due to the large cylinder oscillation. The galloping occurs when V r Ͼ12 and the amplitude grows with V r at an increasing gradient, showing the typical divergent character of galloping. When V r is decreased, Z rms /d traces the same curve in the galloping region but low-velocity excitation is not observed at all. This hysteretic behavior of the low-velocity excitation of Cylinder III is more pronounced compared with other excitations described in this paper, and it shows a strong nonlinearity of the low-velocity excitation.
In the case of Cylinder III with ''in-phase'' setting ͑Fig. 5b͒, the low-velocity excitation completely vanishes, while galloping is not affected by the superposition of ␣ g . In contrast, in the case of Cylinder III with ''anti-phase'' setting ͑Fig. 5c͒, the behavior of the low-velocity excitation including hysteresis is not affected by the superposition of ␣ g , while galloping occurs at a lower nondimensional velocity and its amplitude grows with V r much more rapidly than in the case of ␣ g ϭ0. A sudden jump of f * to unity appears at around V r ϭ7 in Figs. 5a-5c. This might be lock-in, but the cylinder oscillation is small at this V r . Hence, the relation of the sudden jump of f * to the oscillation is still to be investigated.
Conclusions
In this study, the cross-flow oscillation of a rectangular cylinder supported by a cantilever plate-spring system was investigated using a wind tunnel. Three kinds of supports were tested, which introduce different relationships between the geometrical attack angle ␣ g and cylinder displacement Z: ͑i͒ pure cross flow oscillation (␣ g ϭ0), ͑ii͒ the phase difference between ␣ g and Z is zero ͑in-phase͒, and ͑iii͒ ϭ ͑anti-phase͒. Three rectangular cylinders with the slenderness of b/dϭ0.5, 1.0, and 2.0 were used to investigate the influence of ␣ g on Kármán vortex excitation and galloping.
The superposition of ␣ g has essentially no influence on the Kármán vortex excitation irrespective of b/d and , when the slenderness b/dϭ0.5 ͑Cylinder I͒. In the case of Cylinder II (b/dϭ1.0), the Kármán vortex excitation is considerably suppressed and the galloping is also completely suppressed when the cylinder is supported with ''anti-phase'' setting. In contrast, when the cylinder was supported with ''in-phase'' setting, the oscillation increases continuously beyond the nondimensional velocity V r for the maximum amplitude of Kármán vortex excitation with ␣ g ϭ0, leading to galloping much larger than in the case of ␣ g ϭ0. In the case of Cylinder III (b/dϭ2.0), the influence of anti-phase ␣ g on the galloping of Cylinder III is opposite to that of Cylinder II, since the onset of galloping shifts to a considerably lower nondimensional velocity and its amplitude grows rapidly with V r . However, the in-phase ␣ g does not affect the galloping on Cylinder III.
The above results show that the effect of attack angle fluctuation strongly depends on the slenderness b/d and , and it is stronger on galloping than on Kármán vortex excitation.
